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Dissociation cross sections of,Hor high-energy electron impa¢t00—-1000 eV producingH(1s), H(2s),
andH(2p) for excitation from the ground vibrational state=£0) to the continuum of th&'s ), B’ 13,
andC I, states were computed in the first Born approximation. Configuration-interaction electronic wave
functions were used and vibrational degrees of freedom taken in account. The dissociative excitation cross
sections as a function of the continuum energy for each final state were presented, and the accuracy of the wave
function, including the importance of relaxation effects and the validity of the Franck-Condon approximation,
is analyzed in comparison to available previous theoretical results. The computed dissociation cross sections
were compared to experimental results making use of the separation of the various breakup channels proposed
by Ajello, Shemansky, and Jamgastrophys. J.371, 422 (1991)]. The obtained cross sections to produce
H(2p) + H(1s) fragments via dissociative excitation to tBeandC states have agreed well with the decom-
posed experimental results within the error bars. The dissociation cross sections to prodage H{(Ds)
through theB' state were in most cases somewhat larger than the reported experimental error bars. In the most
favorable case our theoretidal dissociation cross section was 3.1% within the reported error bar at 300 eV
electron impact energy. A possible experimental reason for this discrepancy was raised.
[S1050-294{@8)01502-9

PACS numbd(s): 34.80.Ht

I. INTRODUCTION cross sections from the ground sta(elEg*(v=0) for H,
[4,8-1] have been done. Among them, there are calcula-
Investigations of collision processes involving atoms andjons for transitions to th&’ 12: state[4,8—1( and to the
molecules with electrons, atoms, and molecules are still beg 5" and C 11, states[11]. The work of Leeet al. [9]
ing performed extensively both experimentally and theoretiy,ses the distorted-wave approximation and involved impact
cally. Among the recent interests, it is worth mentioning energies only up to 100 eV, Chureg al. [8] consider ener-
high-energy molecular destruction of simple diatomic mol-gies up to 1000 eV in the Born and Born-Ochkur theories,
ecules H, H,", HeH" interacting with noble gases over a cajculations of Celibertet al. [11] cover a limited range of
yvide range Of epergfl], electron-[2—4], and photon{5]  glectron-impact energidsip to 250 eV in the framework of
impact dissociation cross sections. parameter impact theory, and Liu and Hagstrigthuse the
Collision processes involving electron impact on hydro-gethe approximation valid only at very high projectile ener-
gen molecules are of most fundamental relevance in thgjes. All these calculations assume a frozen-core description;
study of electron-molecule collisions. A compilation of thesej e., the same set of molecular orbitals is utilized to describe
cross sections for various collision channels can be found ilmoth the ground and excited states.
Tawaraet al. [2]. Accurate knowledge of electron-impact  Here we reporab initio adiabatic theoretical calculations
dissociation cross sections is important for modeling of plasef cross sections of electron-impact dissociative-excitation
mas, interstellar matter, correct estimation of predissociatioeross sections for producing Hgjl+H(2s) through the
yields, etc. Experimental measurements of dissociation cross$ lzg(U:O)—)B, 137 transition and producing HE&
sections are done indirectly by detecting radiation emitted by H(2p) through theX 12;(1) =0)—{B 3, ,C I} tran-
the excited atomic fragments, making them very difficult tositions in the framework of the first Born approximation. We
perform[3,6,7]. As the estimation of each channel involved also present the dissociation cross sections as a function of
in the experimental determination of the breaking of an molthe continuum energy. The methodology used here is an ex-

ecule depends on available theoretical cross sectami)i- tension of the one already developed for inner-shell
tio theoretical methods are claimé8] in the interpretation [12,13,13 and valence electronic excitation processes
and analysis of the experimental data. [14,16], and goes further as it describes dissociation, includ-

As part of an ongoing project of calculation of high- ing the vibrational degrees of freedom. We have used con-
energy electron-impact dissociative cross sections of difiguration interaction(Cl) for the target electronic wave
atomic molecules we report data for,HDespite being the functions, which takes into account both correlation and re-
simplest dissociation process, only a few theoretical calculalaxation effects. In particular, we have investigated relax-
tions of high-energy electron-impact dissociative-excitationation effects in the dipole transition moment. The validity of
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the Franck-Condon approximation has also been investi- TABLE I. Vertical transition energies. See text for discussion.
gated. The calculated cross sections are compared to prew

ous theoretical4,8—11 values and to the available experi- AE (eV)
ments[3,6,7]. For the latter the separation of the various Final states Present  Theoreti¢aR,23  Experimentaf

g;?ﬁll‘;gl?s EZZEBTIS proposed by Ajello, Shemansky, and 1y 12.81 12.75 12.75
' B X, 14.83 14.85 14.85
C 1, 13.22 13.22 13.29

Il. THEORETICAL BACKGROUND

. - L . o Cited by Sabin and Oddersh&zi).
A. Dissociation cross section in the first Born approximation
We are concerned with the process where a hydrogewhere ® and ® (=) specify the relative orientation be-
molecule, when excited by electron impact to the vibrationakweenR andK; N is the molecule electron number—equal
continuum levels of a bound state, dissociates in a groundo 2 for molecular hydrogen. The electronic transition ampli-
state atom H(%) and an excited ongH(2s) or H(2p)]. tudeeq,(K,R,Q) was calculated in the internuclear distance
Concerning these fragments, two distinct groups of energjnterval 1.6<R<2.4 a.u. in steps of 0.2 a.u. Similar to the
distributions are formed on dissociative excitation of fthe  excitation of discrete vibrational leve]48,19, the differen-
“fast” and “slow” groups [3]. The slow H(Z) atoms arise tial cross sections for excitation to a unit energy range about
from a transition to singly excited states above the $J(1 W above the dissociation limit of the final state are given by
+H(2s) dissociation limit and likewise for the H{® at- [8]
oms. Of all possible singly excited molecular states, we are
interested in theB 3 and C 11, states, producing adia-
batically H(2p), and B’ '3, producing adiabatically
H(2s). Contributions from double excited states, which pro- )
duce fast fragments3], are not considered. Dissociation can *
also take place by excitation to a purely repulsive electronic Xf U Xaw(R) XooR)€on(K,R,Q)dR} d2,
state or through predissociatiph7]; these processes are also )
not considered here. The rotational motion of the molecule is
taken into account by su_mming over the finf_:ll mtatic,’”_alwheregn is the degeneracy of the final statefor 3, 2 for
states accessible energeltlcally and by averaging the 'n't@l), andw=(6, ) is the scattered angle of the projectile
rotational state§18]. Atomic units are used throughout. electron, which is directly related to the transferred momen-
Accordlng to the Born—Oppenhelmmer approximation, wey . [dow=2msingdo=2mKdK/(kogknw)]. The integration
may write the wave functions of the ground electronic-er () results from averaging over the orientation of the
vibrational (00) state and of the final state(V) as molecular axis with respect ti§, as mentioned before. Inte-
_ gration of the differential cross section ovér(or ) from
Yol T2 RO = dolura RIxed R (i Ko 10 Konae (=Kot ko) [18] gives the dif-
ferential dissociation cross sectidir/dW of excitation over

_do | _ G0 Kow
dde n 4 koo

Vowl11,72,R) = ¥n(r1,12,R)xnw(R), @ a unit range abouV of the final state
wherer, andr, are the electron coordinates of,HR the
. : . do do
internuclear distancey, and #, are the electronic wave —| = | ——dw. (5)
functions of the ground0) and excited Q) states,ygo(R) is dwj, dodW

the discrete § =0) vibrational function of the ground state,

and y,w(R) is the unbound vibrational function of the final It is important to emphasize that the greatest contribution to
state defined by the corresponding enevgyabove the dis- the dissociation cross sections comes from the small trans-
sociation limit (R—) [8]. The electronic wave functions ferred momentgls]. _ .
o andy, , constructed at the configuration-interaction level, ~ Finally, the total dissociation cross section through exci-
will be discussed in detail in the next section. The spin functation to the continuum of an electronic state is

tions are factored out in Egq¢l) and (2) since we do not

consider spin-orbit interactions. o :J"” d_U dw ®)
The collision process is characterized by the wave vectors n dw N '

of the incident and scattered electrég, andk,,, K being

the transferred momenturkg,— k. We define the elec-  The upper limit ¢) is for all practical purposes taken

tronic transition amplitude in the first Born approximation \wyhendo/dW has decreased several orders of magnitude.

[8,18,19 as Our calculations are not based on the Franck-Condon

principle; however, it is interesting to check the validity of

eon(K,R,0,0)=¢¢n(K,R,() this approximation. Within this approximation, E¢) is

simplified, eliminating theR dependence of,,,

do_| _ 9n Knw
dodW| = 4 koo "™V

N
:_J lﬁ:(rl,rz,R)(; eiK'ri)

Xho(rq,rp,R)drqdr,, 3

f|80n(KrROuQ)|2an )
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TABLE II. Dipole transition moments-8 3 . Electronic wave functions were obtained within the dis-
— tance interval 1.&R<2.4 a.u.(steps of 0.2 a.i.at the
R(@u) Present CI-R Wolniewicg28] configuration-interaction level with single and double excita-
1.0 0.7269 0.7650 tions (CI-SD) expanded on a basis of Gaussian-type orbital;.
1.2 0.8359 0.8708 After several tests we have chosen _ the basis
1.4 0.9236 0.9871 (12s,6p,3d)/[9s,6p,3d] suggested by Jaszunski and Roos
16 1.025 1.096 (4. _
18 1.125 1.208 Two different types of CI calculathns were performed to
20 1.218 1.313 obtain the electronic state wave functions. In the first one the
29 1.302 1.408 frozen-core mgdel was assum(élj—FC); i.e.,'the same sgt of
24 1.372 1.487 molecular orbitals(MOs), occupied and virtual, described
the ground and the excited states. In the second one we

Celiberto and Rescign81] report 0.9821 for this distance. solved self-consistently for the excited-state wave functions,

_ o allowing all the molecular orbitals to fully rela¢CI-R). For
where R, is taken as the equilibrium bond length of the the latter case an implemented biorthogonalization procedure
ground state, equal to 1.4 a.u. fopHandq,y is the Franck-  allows us to compute matrix elements,(K,R,Q) [Eq. (3)]
Condon factor, between the wave functions built up from nonorthogonal
) atomic or molecular orbitalgl5].

. (8) The MOs used for the Cl relaxé@I-R) calculations were
constructed from the Hartree-Fock occupied molecular orbit-
. . . als of the lowest symmetry and a virtual space of improved
For the purpose of evaluating the quality of our elec“’c’n'cvirtual orbitals(IVOs) of Hunt and Goddar{5]. The full ClI
wave functions we define the electronic dipole transition mo'space of 48 MOgoccupied plus virtualwas made of 16
. g!
ment in the length forni18] as 100,, 12m, 127y, and 4 MOs. For theX '3 and
2 C 1, states the occupied and the virtual MOs utilized to
E Xi) Yo(ry,rp,R)drdr,, generate the IVOs were c;onstructed lfro+m the relsp+ective
=1 Hartree-Fock molecular orbitals. For tBe'X | andB’ '3,
©) states the occupied MOs and the virtual space with the IVOs
was constructed from the first Hartree-Fock excited-state
MOs of 3 symmetry, theB '3 state. Concerning the ClI
rozen core(CI-FC) calculation theX 'S 7 MOs and the cor-

anz‘ f Xow(R) xoo(R)AR

MOn(R):_J P (ry,rz,R)

wherex; is a component of;, the electron coordinate. The

effect of the electron exchange was not considered in th
computation of the dissociation cross sections once it i ) -
known to be unimportanf4,20] for high-energy electron- responding IVO set were utilized both for the ground and the

impact energies, as was investigated by Chung and Lin fo?_xcited S'Fates. For the relaxe_d and frozen-core wave func-
electron excitation 0B S} of H, at 100 eV[20] tions all single and double excitations were allowed from the
u .

reference configurations, the single electronic configuration
_ of the lowest symmetry for each state.
B. Target wave functions

Discrete ¢ =0) and continuum vibrational wave func- Ill. CALCULATED RESULTS AND DISCUSSIONS
tions were obtained by integrating numerically the nuclear
Schralinger equation, according to Le Roy's methodology
[21], from the most accurate potential curves available The ground-state energy obtainddt the internuclear
[22,23. The purpose was to obtain the most accurate vibraequilibrium distanceR=1.4 a.u) was 1.171 368 a.u., which
tional wave functions. The Born-Oppenheimer energies arean be compared to the 1.174 476 a.u. of Kabal.[22]. A
taken from Ref[22] for the ground stateX) and from Ref. measure on the balancing of the electronic wave functions,
[23] for the excited statesB(B’,C). We have also used Le an important condition to compute accurate transition matrix
Roy’s program to perform thR integration of Eq.(4). elements, is to compare the theoretical vertical excitation en-

A. Wave functions and transition moments

TABLE lIl. Dipole transition moments-B’ 13 .

R (a.u) Present CI-R Wolniewicg28] Liu and Hagstroni4] Ford et al.[30]®
1.0 0.3262 0.3306
1.2 0.3584 0.3698
14 0.3886 0.3966 0.3976 0.3992
1.6 0.4148 0.4218
1.8 0.4352 0.4355 0.4334 0.4411
2.0 0.4478 0.4388 0.4365 0.4411
2.2 0.4503 0.4294 0.4269

2.4 0.4407

@Dipole transition moments in the length form.
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TABLE V. Dipole transition moments-G*I1,. TABLE V. Total dissociation cross sections for the transition
X13r—B Sy,
R (a.u) Present CI-R Wolniewicg29]
O iss (10~ 18 sz)
1.0 0.6443 0.6460 Eimp (€V) Present results
1.2 0.6944 0.6961
1.4 0.7421 0.7433 100 0.160
1.6 0.7872 0.7871 200 0.108
1.8 0.8290 0.8272 300 0.0843
2.0 0.8672 0.863% 400 0.0686
2.2 0.9012 0.8952 500 0.0591
24 0.9308 0.9225 800 0.0485
1000 0.0347

&Celiberto and RescigniB1] report 0.8460 for this distance.

ergies with the experimental values. This is done at Table jhternuclear distanc® (Q andK fixed), Eq. (3), may be
with our excitation energies obtained with the CI-R calcula-ggep in Figs. ()—1(c) for the three transitions. Within the
tion. We have verified that the CI-FC excitation energies argjisiance interval 18R<2.4 a.u. the electronic transition

identical. The explanation for the latter in the molecular hy'amplitude is accurately described by a second-order polyno-
drogen is that the virtual space built from the ground-stabsfnial [32].
improved virtual orbitals is sufficient to account for relax-

ation effects in the excitation energy of Rydberg and valence

states. Relaxation effects may also be indirectly recovered by

Cl calculations as already verified in the past for at¢as The computed dissociation cross sections, together with
and molecule$15,25. the available theoretical results, for each transition, are pre-

There is good overall agreement among our vertical excisented at Tables V-VII. Figureg@-2(c) depict the cross

tation energies, the accurate theoretical d2@s23, and the  sections for the three dissociative transitions as a function of
exp(_arimental values cited if26]. At the cher distances _in the continuum energy for 1000 eV electron-impact energy.
the interval 1.6<R<2.4 a.u. the comparison of our excita- The pehavior of dissociation cross sections, as a function of

tion energies with the accurate theoretical valli22,23 e continuum energy, is similar for all calculated electron-
showed differences not greater than 0.03 eV for the thre pact energies between 100 and 1000 eV.

states, except for the distances 2.2 and 2.4 a.u., well outside Our calculations do not include the nonadiabatie

:Ee (l;;;anck-Condon r:eg|8ﬁ;te\r/v]iil :;elzz_iLS a.y, where non-Born-Oppenheimgiinteraction that couples thB and
€ differences reached .5 ev for ~u - . B’ at large internuclear distances (5a,) [33]. They must
Another way to investigate the quality of the electronic o 5y en into account when the branching ratio of the pro-

wave function s to compare our computgd eIect_ronic dipc’Ieduction of H(2p) to H(2s) fragments is evaluated. Nonadia-
transition moment, in the length form, with available theo'batic effects also cause oscillations on Bi@ndB’ states’

retical results for thé&’ '3 stated4,28,30and forB 'S, porodissociation cross sections as a function of the con-
[27] and C “I1, states[29]. These previous results, except tinyum energy as verified by Beswick and Glass-Maujean
the ones of Wolniewiczt al. [27-29, were obtained in the [33] On the other hand, the total photodissociation cross
frozen-co're appr‘(‘)X|mat|,(’3n. The results of Wolniewetzal.  ¢action B-+B’ states does not change significantly from
are considered “exact.” In Tables II-IV we present our yhose calculated without including the nonadiabatic cou-
CI-R dipole transition moments for the three states and th lings [33,34), as they have been compared favorably with
scarce available theoretical results. The CI-FC results are ”E&periments[%]. We expect the same behavior concerning

presented as they are identical to the CI-R ones. This is NQfr electron dissociation cross sections and possible future
always true for other systems as was shown previouisty- electron-impact experiments involving,H

16]. Let us define an average percent difference Mgy{ Our dissociation cross sections as a function of the con-
~Moud/[(Mwoit Moud/2], from our electronic dipole  in,um energy[Figs. 28)—2(c)] have similar threshold be-
transition momentsM,,s 10 the “exact” results Muo  havior when compared to the adiabatic photodissociation
[28,29. Looking at Tables ll-IV one sees a good agreementqss sections calculations of Glass-Maujéah]. This is
between our dipole transition moments and the exact resuli§ e to the expected identical behaviior the Franck-Condon
[27-29, the worst results being thB '3, state, although region of the electronic transition amplitude at smal
the average difference does not exceed 7.8R-=aR.2 a.u. transferred momentum, Ecﬁ), and the d|p0|e transition mo-
As the corresponding® '3 dissociation cross sections ment, Eq.(9), both quadratic as a function of the internuclear
(Table V) have the lower values when compared to thedistance, and to the similar discrete and continuum vibra-
C 'I1,, results, the effect of this error on the comparison withtional wave functions obtained from identical potential-
the experimental results is negligible. TH& 'S and  energy curves. In particular, the dissociation cross section for
C 11, states present better agreement thanBH& | state  the C 'I1, state is negligible at thresholdFig. 2(c)] and
when compared to the “exact” and other results. increases, reaching a maximum for energies of about 200
A sample of the general behavior of electronic transitioncm 1. The reason is that th@ 11, state is known to present
amplitude in the first Born approximation as a function of thea potential humg36] and the cross section peaks when the

B. Theoretical dissociation cross sections
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TABLE VI. Total dissociation cross sections for the transitboﬁrig*—B s,

o giss (10718 cm?)

Eimp (€V)  Present Redmoat al. [10] Liu and Hagstroni4] Leeetal.[9] Chunget al.[8]
100 2.34 2.88 3.06 341 3.09
200 1.54 1.99 2.05 2.10
300 1.16 1.54 1.57

400 0.946 1.29

500 0.802 1.10 1.13
800 0.562 0.777

1000 0.473 0.655 0.674

transferred energy by the projectile electron reaches thether available theoretical results have been reported. The
potential-energy maximum. present results are lower than the other ones, and an analysis
We have checked the validity of the Franck-Condon ap-of this discrepancy follows.
proximation, Eq.(7). All the corresponding cross sections The results of Redmoret al. [10] employ an impact-
were bigger than the ones not using the Franck-Condon agarameter formulation, using the calculated electronic dipole
proximation, in accordance with previous theoretical resultgransition moments of Forét al. [30] and an approximate
[10,11). Theratio of the Franck-Condon cross sections, Eq.potential curve for theB’ state[37]. Table VI shows an
(7), to the non-Franck-Condon cross sections, (Bf.for the  average difference from our results ranging from 2¢P@0
transitions to theB '3}, B’ 13}, andC 1, states were, €V) to 29% (300 e\). The difference does not seem to be
respectively, 1.741, 1.07, and 1.236. It is seen that theelated to the different theoretical approximations, as the
Franck-Condon approximation may be an unrealistic apimpact-parameter formulation was also used by Celiberto
proximation for the cross-section calculations, especially foet al. [11] for the X 12 (v=0)—B 13, and X 12 (v
the transition to théd >, andC 'II, states. =0)—C I, dissociation channels, and a very good agree-
The theoretical total dissociation cross sections computethent with our results was obtained, as discussed above. This
[Eq. (6)] for the transitionX 12 (v=0)—B 12* are in discrepancy does not seem to be related to the dipole matrix
Table V. The other available theoretical cross sections werglements either as Table 11l shows an agreement between our
estimated from Fig. 1 of Celibertet al. [11]. Celiberto  dipole transition moments and the values used by Redmon
etal’s estimated dissociation cross sections wereetal. [10] (from Ford et al. [30]), in the worst case R
0.16x10 '8 and 0.1x 10" '8 cm? at electron-impact ener- = 1.2 a.u) having an average difference from Fatal's of
gies of 100 and 200 eV, respectively. Very good agreemens.1%. It might be related to the vibrational wave functions
was thus obtained between our results and their impactsed in Redmoret al’s [10] work, although Liu and Hag-
parameter calculationgL1], which uses its own computed Strom[4] checked that an error of only 8% may arise from
electronic dipole transition moment. computing dissociation cross sections for this transition us-
Concerning the transitiorX 12 (v=0)—C MI,, our Ing approximate vibrational wave functions from Spindler’s
dissociation cross sections are shown in Table VII. Celibertd37] B’ experimental potential curve.
et al’s [11] cross sections for the same transition were esti-

mated from their Fig. 2. The estimated dissociation cross_ osoq . = . | Ky=0.2a.u.
sections [11] were 0.46<10 '®* cm? (100 e\) and 027y X% >B 3, . = " (@
0.21 [ ]

0.18 [ ]

0.32x10 ¥ cn? (200 eV), in very good agreement with our
. u
results, such as th¢ 'S (v=0)—B 'Y transition. g1 .
The theoretical total dissociation cross sections for the 06 08 10 12 14 16 18 20 22 24 26
u

e (KR, 2)

transition X '3 (v=0)—B’' 131 are in Table VI, where 2 °®7] x'y*..p's* « " "
g ! 3:' 0.08 s ‘ - (b)
TABLE VII. Total dissociation cross sections for the transition gf 0.07 4 .
x 12;_>C lHU . “ 1 T T T T T T T T T T T T T T T T T 1
013%8 10 12 14 16 18 20 22 24 26
- — ] 1e + 1 n
T iss (10 18 sz) & 8:?_ X'z -> G, - L] .
Eimp (€V) Present results T 010 . . ()
< 0.09 - -
100 0.466 “ 0.08 — ——
200 0 317 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 2.4 2.6
300 0.245 Ria.u)
400 0.201 FIG. 1. General behavior of electronic transition amplitude in
500 0.171 the first Born approximation as a function of the internuclear dis-
800 0.121 tanceR for K= 0.2 a.u. and fixed)=Q, [Eq. 3)] for the (a)
1000 0.103 X3 (v=0)—B '3, (b X'T j(v=0)—B' =, and ()

12%

CI, transitions.
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Chunget al.[8] have an average difference from our results
ranging from 28%(100 e\) to 35% (1000 e\j. Both calcu-
lations use Hartree-Fock target electronic wave functions and
Franck-Condon factors from Spindlg87]. To check for a
possible source of this difference, we have calculated the
electronic dipole transition momefEq. (9)] atR=1.4 a.u.,
using Leeet al’s [9] target wave functions. They have done

a Hartree-Fock calculation with improved virtual orbitals
[25] to represent the excited state expanded on the Gaussian-
type basis set (KH)7p)/[7s,7p]. We have obtained for the
electronic dipole transition moment, using Leeal’s [9]
wave functions, the value 0.5152 a.u., to be compared with
our CI-R value of 0.3886 a.u. and the “exact” resi28] of
0.3996 a.u., as shown in Table Ill. The average difference
between our electronic dipole transition moment and the one
obtained from Leet al.s [9] wave functions is 28%, and the
same trend is expected for the dissociation cross sections. A
similar behavior is expected for the Born dissociation cross
sections of Chunget al. [8], which also uses Hartree-Fock
wave functions but with a smaller Gaussian basis set
(6s,4p). This seems to be the most important factor of the
higher cross sections obtained in these works, but the other
possible source of discrepancy with Leieal.[9] may be the
approximate proceduréSpindler's Franck-Condon factors

in their treatment of the vibrational problem or the utilization
of the first Born approximation for 100 eV electron-impact
energy in our work.

C. Comparison with experiments

In order to compare our calculations with available ex-
perimental results, obtained by detection of the Lyraan-
2p— 1s transition, we decomposed the available total disso-
ciation cross-section measurements according to Agtlal.

[3]. They estimate from electron-impact experiments at 100
eV impact energy that production of Hg2 via direct disso-
ciation of theB+ C states accounts for 8.09% of the total
dissociation cross sections for producing g§2 The pro-
duction of H(X) via direct dissociation of th&' state ac-
counts for 37.9% of the total dissociation cross sections for
producing H(3). The H(Z) fragments are measured by
detecting the Lymarx from H(2p) obtained by electric field
quenching inducing the2-2p transition. In the following
analysis we have considered the decomposition also for
higher impact energies, although cascade effaugligible

at 100 eV[3]) and other effects may introduce some uncer-

FIG. 2. Dissociation cross sections as a function of the conyainty in this assumption. We cannot estimate the error intro-

tinuum energy [Eq. (5)] for 1000 eV electron-impact energy for

the (@ X 2, (v=0)—B '3, (b) X '35 (v=0)—B' X, and
(0) X ' —C ™I, transitions.

The differences from the Liu and Hagstrgm] results
range from 27%100 e\) to 32% (1000 eV}, although they

have obtained similar dipole transition momefitable V)
compared to the present results. Probably this differenceeduced by 31% in Figs. 3 and 4. We assume that the errors
arises from the utilization of the Bethe approximati@3],
which is a further approximation of the first Born approxi- decomposed cross sections, thus neglecting propagation of
mation valid only at very high electron-impact energies.

Lee et al's [9] distorted-wave dissociation cross section

duced by this assumption.

The earlier measurements of de Heer and collaborators
[6,7] for Lyman-« production of H(3) are too large by
31% due to a revaluation of Lymam-emission by Ajello
and collaboratorf39]. For this reason, the experimental total
dissociation cross sections for production of Idgj2and
H(2s) of de Heer and collaboratof$,7] are accordingly

in the total cross-section measurements are the same in the

errors in the separation of the dissociation channels.
Figure 3 shows our calculations and the experimental re-

at 100 eV electron-impact energy has an average differencaults, the latter decomposed according to Ajeflal. [3], for
of 37% from our result. The Born-Ockhur cross sections ofproduction of H(2) via direct dissociation of th&+C
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fou Production of H(2p) Maujean et al. [34] and electron-impact experiments of
] via the B and C states Ajello et al. have shown, the direct dissociation of tBé
97 . M state is not the major channel of production of H)2ut
0.8 ohimann et al. 0 .
] o Ajello et al. accounts only for 37.9% of the total cross section, and other
— %7 A Vroom et al. processes take the remaining. Chung, Lin, and [I83erro-
g 06 X our results neously asserted that tlge state would be the main channel
C (over 95% for producing H(3) and Liu and Hagstron¥|
s 0.4 took that for granted. Both assumed that their fair agreement
& with experimental data confirmed that. Their theoretical dis-
e 097 % sociation cross sections are overestimated in comparison
027 i i with our results, as we have shown in the last section. The
0.1 decomposed experimental cross sections according to Ajello
Y et al. [3] confirm this interpretation.
0 200 400 600 800 1000

We see in Fig. 4 that our cross sections for direct disso-
ciation via theB' producing H(3) are somewhat larger than
. L . the error bars. In the most favorable experimigit the 300
FIG. 3. Our calculated dissociation cross sectife sum of eV impact energy dissociation cross section was 3.1% within
the values for theB and C states(Tables V and VI) for each . .

; . the error bar. In the same experiment the other average dif-
electron-impact enerdyand the experimental results, the latter de-f b the t fth b 206
composed according to Ajellet al.[3] and corrected for Lymag- ;r;;ncg(s)gvere,gg%\é/e 4060 op 04 (g/errg(; ar, (;(‘10/ Z\go
emission(see tex}, for production of H() via direct dissociation - 6(200 eV), 0.96%(400 eV), 4.5% (500 eV), 7.1%(
of the B+ C states. eV), and 4.3%(1000 e\j. Contrary to the production of
H(2p) fragments, the agreement is not as good as between

) our calculations and the decomposed experimental results. A
states. The experimental data of Vroom and de H&&r possible reason for that may be raised. Experimentally, the

besides the Lymaﬂ‘.' Correction, are I’eported with 30% error metastable H(Q) are made to radiate by app”cation of an
bars, the Ajelloet al. have 17% errors bars, and Mohlmann electrostatic field across the observation region and measur-
et al. have 15%, as estimated from their earlier wp#d1].  ing the increase in the Lymam-radiation[6]. This method
The results of Ajellcet al.[3] are smoothed by a semiempir- of electric field quenchingStark quenchinghas been used
ical model[39,40, which is an extension of the Fano plot in all experiments cited here. However, Glass-Maujean
[18] to include effects besides the dipole approximation. Ouishows experimentally5] that not all H(%) produced are
results, the sum of dissociation cross sections forBlend  allowed to emit Lymanz by electric field quenching but
C stateqTables V and VI) for each electron-impact energy, may be destroyed by a nonradiative process forming H
are within experimental error bars. It is worth mentioning theinduced by residual K in the gas chamber, HE}
especially good agreement between our calculations and ex=H,—Hz " +e~. This may cause a loss of H§P signal
perimental results at 800 and 1000 eV impact energies, wefiroduced through direct dissociation by téand as a con-
into the region of validity of the first Born approximation. ~sequence an underestimation of the experimental total disso-
In Fig. 4 our results are depictéd@able VI) and the ex- ~ ciation cross sections for producing H{)2 The degree of
perimental results decomposed according to Ajetial. [3] underestimation cannot be calculated without a great uncer-
for production of H(2) via direct dissociation of the’  tainty, as Glass-Maujedib] reports.
state. As the photodissociation experiments of Glass- Other reasons may exist for the discrepancy between ex-
periment and theory for the production of H{)2throughB’.
New experiments and decompositions of each of the possible

Electron impact energy (eV)

Production of H(2s)

24 X via the B stafe branches of proqluction of H(s; are thus urgeljtly needed as
22 well other experiments studying the production af2g).

2.0 = Mohlmann et al.

18 e Vroometal IV. CONCLUSIONS

& 6] v Ajello etal. . o )

£ 7] X our results We have computed dissociation cross sections offdt

o 14 high-energy electron impact100—1000 eV producing

2 2] H(1s), H(2s), and H(2%) from the ground vibrational state

810 (v=0) to the continuum of th& '3, B’ 31, andC 11,

° 08 % states in the first Born approximation. We have shown that
0.6 relaxation effects were not important for the calculation of
04 i § the dissociation cross sections obtained with configuration-
0.2 —— T T T T —— interaction electronic wave functions. The Franck-Condon

o] 200 400 600 800 1000

Electron impact energy (eV) approxima'tion was shown to oyerestimate the d_issopiation
cross sections, being an especially poor approximation for
FIG. 4. Our calculated dissociation cross sections and the exthe dissociation via th® 'S andC 'II,, states.
perimental results, the latter decomposed according to Aglkl. The comparison to experimental results was done using
[3] and corrected for Lymamn- emission(see tex}, for production  the suggested decomposition of the available total dissocia-
of H(2s) via direct dissociation of th&' state. tion cross sections measurements according to Agdlal.
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[3]. The agreement between the computed dissociation cross The good agreement between our computed dissociation
sections to produce H{® fragments, which is the sum of cross sections and the decomposed experimental results is
the dissociation cross sections of tBe'S; and C [I,  very encouraging. We are now applying the methodology
states and the decomposed experimental results, was vepyesented in this paper to other diatomic molecules. It would
good. On the other hand, the computed cross sections #€ Very interesting to perform new experiments not just for
produce H(2) fragments, which are related to the dissocia-the hydrogen molecule but for other diatomic molecules as
tion cross section of th®' '3[ state, were in most cases well.
somewhat larger than the reported experimental error bars. A
possible experimental reason for this discrepancy would be
that some H(8) fragments produced by dissociation might  We thank Professor R. J. Le Roy for providing us with the
be destroyed by a nonradiative process forming thduced  computer program to obtain the vibrational wave functions
by residual H in the gas chambgb]. As a consequence an and perform theR integration, and Andre G. H. Barbosa for
underestimation of the experimental total dissociation crosinteresting discussions. This work was partially supported by
sections for producing H(© via B’ 1S might occur. FINEP and CNPq.
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